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Number  of  U.S.  Companies  ~  60 
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which  employs  a  30  GHz  uplink,  a  20  GHz  downlink,  and  a  10  kHz  channel 
spacing.  The  terminals’  frequency  accuracy  requirement  is  a  few  parts  in  10^. 
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noise,  acceleration  insensitive  oscillators  are  essential  in  such  applications. 
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•  Low  life-cycle  cost 


Impacts  of  Oscillator  Technology  Improvements 
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Lx)nger  life,  and  smaller  size,  weight,  and  cost 
Longer  recalibration  interval  (lower  logistics  costs) 
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Clock  for  Very  Fast  Frequency  Hopping  Radio 
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Clocks  and  Frequency  Hopping  Systems 
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Effect  of  Noise  in  Doppler  Radar  System 


Bistatic  Radar 
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Doppler  Shift  for  Target  Moving  Toward  Fixed  Radar  (Hz) 
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Crystal  Oscillator 
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Oscillation  and  Stability 
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tuning  range  of  50  ppm  and  an  aging  rate  of  2  ppm  per  year. 


Oscillator  Acronyms 
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Rubidium-Crystal  Oscillator 


Crystal  Oscillator  Categories 
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Crystal  Oscillator  Categories 

Voltage  I  - - 10  X  lO'i 


Oven  Controlled  (OCXO) 


Hierarchy  of  Oscillators 


Typical  Applications 

Computer  timing 

Frequency  control  in  tactical 
radios 

Spread  spectrum  system  clock 

Navigation  system  clock  & 
frequency  standard,  MTI  radar 

C^  satellite  terminals,  bistatic 
&  multistatic  radar 

Strategic  C^,  EW 

Accuracy** 

o 

.  O' 

S  ^  2  1  6 

a  ^  a  %  a 

-  -  S 

Oscillator  Type* 

#  Qystal  oscillator  (XO) 

#  Temperature  compensated 
crystal  oscillator  (TCXO) 

#  Microcomputer  compensated 
crystal  oscillator  (MCXO) 

#  Ov^  controlled  crystal 
oscillator  (OCXO) 

#  Small  atomic  frequency 
standard  (Rb,  RbXO) 

#  High  performance  atomic 
standard  (Cs) 
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♦Sizes  range  fix»n  <  5  cm^  for  clock  oscillates  to  >  30  liters  for  Cs  sU 
range  fren  <  $5  for  clock  oscillators  to  >  $40,000  for  Cs  standards. 

♦♦Including  the  effects  of  military  environments  and  one  year  of  aging. 
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consideration. 


ECL 
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Why  Quartz? 
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with  relatively  high  purity  and  perfection.  Of  the  man-grown  single 
crystals,  quartz,  at  >2,000  tons  per  year,  is  second  only  to  silicon  in 
quantity  grown. 


The  Piezoelectric  Effect 
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The  Piezoelectric  Effect 
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Ceramic  Flatpack  and 
Metal-Enclosed  Resonators 
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Resonator  Vibration  Amplitude  Distribution 


3- 


resonator  surface  is  proportional  to  the  drive  current.  At  the  typical  drive  currents  used  in  (e.g.,  10  MHz) 
thickiress  shear  resonators,  the  peak  displacement  is  on  the  order  of  a  few  atomic  spacings. 


Resonant  Vibrations  of  a  Quartz  Plate 


Unwanted  Modes  vs.  Temperature 

(3  Mhz  rectangular  AT-cut  resonator,  22  x  27  x  0.552  mm) 


iCouanbajj  pazi[euuofsj 
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Activity  dips  occur  where  the  f  vs.T  curves  of  unwanted  modes  intersect  the 
f  vs.  T  curve  of  the  wanted  mode.  Such  activity  dips  are  highly  sensitive  to 

drive  level  and  load  reactance. 


Mathematical  Description  of  a  Quartz  Reso 
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INDICATES  1/2  (cn-cia) 


Mathematical  Description  -  Continued 
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tic  field  effects  are  generally  negligible;  quartz  is  diamagnetic. 


Infinite  Plate  Thickness  Shear  Resonator 
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Tf,  the  linear  temperature  coefficient  of  frequency,  is  negative  for 
most  materials  (i.e.,  "springs"  become  "softer"  as  T  increases).  The 
coefficient  for  quartz  can  be  +,  -  or  zero  (see  next  page). 


Quartz  Is  Highly  Anisotropic 
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For  the  proper  angles  of  cut,  the  sum  of  the  first  two  terms  in  Tf  on  the 
previous  page  is  cancelled  by  the  third  term,  i.e.,  temperature 
compensated  cuts  exist  in  quartz.  (See  next  page.) 


Equivalent  Circuits 
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Equivalent  Circuit  of  a  Resonator 
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Crystal  Oscillator  f  vs.  T  Compensation 
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Compensating  Voltage  Compensate^ 

on  Varactor  C|  Frequency 

^  ofTCXO 


Resonator  Frequency  vs.  Reactance 


3-18 


Equivalent  Circuit  Parameter  Relationships 
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Phase  noise  close  to  the  carrier  has  an  especially  strong  depmiiienee 
on  Q  (S^  oc  1/q4). 


Factors  That  Determine  Resonator  Q 
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Resonator  Fabrication  Steps 
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Milestones  in  Quartz  Technology 
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1974  The  SC-cut  (and  TS/TTC-cut)  predicted;  verified  in  1976 
[982  First  MCXO  with  dual  c-mode  self-temperature  sensing 
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3-14  A.  Ballato,  "Doubly  Rotated  Thickness  Mode  Plate  Vibrators,"  in  Physical  Acoustics.  Vol.  XIII,  W.  P.  Mason  and  R.  N. 
Thurston,  Eds.,  pp.  115-181,  Academic  Press,  New  York,  1977. 
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What  is  One  Part  in  10^®? 
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Accuracy,  Precision  and  StabUity 
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Stable  but  Not  st^le  and  Accurate  but  Stable  and 

lot  accurale  not  accurate  not  stabte  accmaie 


Influences  on  Oscillator  Frequency 
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Idealized  Frequency-Time-Influence  Behavior 
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Aging  and  Short-Term  Stability 
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Aging  Mechanisms 
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Electric  field  changes  (doubly  rotated  crystals  only) 
Oven-control  circuitry  aging 


Typical  Aging  Behaviors 


observed.  The  above  (computer  generated)  curves  illustrate  the  three  type 
aging  behaviors.  The  curve  showing  the  reversal  is  the  sum  of  the  other  tv 
curves.  Reversal  indicates  the  presence  of  at  least  two  aging  mechanisms. 


Force-Frequency  Coefficient 


Due  To  Mountii^  Clips 
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hofa  1  cm  diameter  AT<«tres(xiatOT  and  its  X-ray  tqwgtaph.  TTie 
I  shows  the  lattice  distoiticKi  due  to  the  mounting  stresses. 


Due  To  Bonding  Cements 
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X■^ay  tcpograi^  dwwing  lattice  distortions  caused  by  bonding  canaits;  (a)  Bakelite 
cemoTt-  expanded i^Kxi curing, (b)  DuPont 5504 crnient- shrank upcsti curing. 


Mounting  Force  Induced  Frequency  Changes 

The  force-frequency  coefficient,  Kp  (HO,  is  defined  by  Z* 
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0  at  'F  =  61°  for  an  AT-cut  resonator,  and  at  'F=  S'?®  r  an  SC-cut. 


Bonding  Strains  Induced  Frequency  Changes 
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When  22  MHz  fundamental  mode  AT-cut  resonators  were  reprocessed  so  as  to  vary 
the  bonding  orientations,  the  f  vs.  T  characteristics  of  the  resonators  changed  as  if  the 
angles  of  cut  had  been  changed.  The  resonator  blanks  were  6.4  mm  in  diameter, 
plano-plano,  and  were  bonded  to  low-stress  mounting  clips  by  nickel  electrobonding. 


Short  Term  Instability  (Noise) 
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V(t)  =  Oscillator  output  voltage,  V©  =  Nominal  peak  voltage  amplitude 
e(t)  =  Amplitude  noise,  v©  =  Nominal  (or  "carrier")  frequency 

d>(t)  =  Instantaneous  phase,  and  (})(t)  =  Deviation  of  phase  from  nominal  (i.e.,  the  ideal) 


Causes  of  Short  Term  Instabilities 
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Noise  due  to  oscillator  circuitry  (active  and  passive  components) 
Shot  noise  in  atomic  frequency  standards 


Time  Domain  -  Frequency  Domain 


I 
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Example  (a)  shows  a  sine  wave  and  its  second  harmonic.  A  signal  consisting  of  the  sum  of  the 
two  waves  is  shown  in  the  time  domain  (b),  and  in  the  frequency  domain  (c).  In  the  time  do¬ 
main,  all  frequency  components  are  summed  together.  In  the  frequency  domain,  signals  are 
separated  into  their  frequency  components  and  the  power  level  at  each  frequency  is  displayed. 


Short-Term  Stability  Measures 
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where  X  =  averaging  time,  f  =  Fourier  frequency,  or  "frequency  from  the 
carrier",  and  v  =  carrier  frequency. 


Allan  Variance 
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(Yk+i  -  Yk): 


Why  Allan  Variance? 
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IS  easy  to  compute. 

Is  faster  and  more  accurate  in  estimating  noise  processes 
than  the  Fast  Fourier  Transform. 


Frequency  Noise  and  OyCx) 
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Time  Domain  Stability 
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*For  Gy(x)  to  be  a  proper  measure  of  random  frequency  fluctuations, 
aging  must  be  properly  subtracted  from  the  data  at  long  x’s. 


Power  Law  Dependence  of  GyCx) 
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servo-loop  time  constant,  and  x'^  dependence  at  less  than  that  time  constant. 
Typical  x’s  at  the  start  of  flicker  floors  are:  1  second  for  a  crystal  oscillator, 
10^  s  for  a  Rb  standard  and  10^  s  for  a  Cs  standard. 


Spectral  Densities 
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Pictures  of  Noise 
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Plots  show  fluctuations  of  a  quantity  z(t),  which  can  be,  e.g.,  the  output  of  a  counter  ( Af  vs.  t)  or 
of  a  phase  detector  ((|)[t]  vs.  t).  The  plots  show  simulated  time-domain  behaviors  correspond¬ 
ing  to  the  most  common  (power-law)  spectral  densities;  h^  is  an  amplitude  coefficient. 

Note:  since  S^f  =  f^S(|),  e.g.  white  frequency  and  random  walk  of  phase  are  equivalent. 


Mixer  Functions 
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Frc<iu6iicy  multiplier;  When  V|  —  V2  end  the  filter  is  bsnd-pass  3t  2c0|,  dien 
Vq  =  ^  >^icos(2coit  +  2(t)i)  =>  Doubles  the  frequency  and  phase  error. 


Phase  Detector 
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The  low-pass  filter  (LPF)  eliminates  the  second  cosine  term.  Then, 
for  (j)R(t) « (t)(t) «  nil,  V(()(t)  =  K(l)(t), 

i.e.,  the  phase  detector  converts  phase  fluctuations  to  voltage  fluctuations. 


Phase  Noise  Measurements 


4-28 


in  BW  of  meter  SJf)  vs. 


Frequency  -  Phase  -  Time  Relationships 
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MIL-0-553 1 OB ’s  definition  of  phase  noise  is  £(f)  =  10  log  [S(|)(f)/2],  where 
the  unit  of  JXf)  is  dBc. 


S<|,(f)  to  SSB  Power  Ratio  Relationship 
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SSB  Power  Ratio  =  = 


S^(f),  Sv(f)  and  m 

0(t)  =  OCfm  )cos(27lfmt)  ,  S4,(f) 


Types  of  Phase  Noise 
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Fourier  Frequency 
(Sideband  Frequenq^) 
(Offset  Frequency) 
(Modulation  Frequency) 


Noise  in  Crystal  Oscillators 
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•  Noise  floor  is  limited  by  Johnson  noise;  noise  power,  kT  =  -174  dBm/Hz  at  290®K. 

•  Higher  signal  level  will  improve  the  noise  floor  but  not  the  close-in  noise.  (In  fact,  high  drive 
levels  generally  degrade  the  close-in  noise.) 

•  Low  noise  SAW  vs.  low  noise  BAW  multiplied  up:  BAW  is  lower  noise  at  f  <  ~1  kHz,  SAW  is 
lower  noise  at  f  >  ~1  kHz;  can  phase  lock  the  two  to  get  the  best  of  both. 


Low-Noise  SAW  and  BAW  Multiplied  to  10  GHz 

(in  a  nonvibrating  environment) 
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Offset  frequency  in  Hz 
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Offset  frequency  in  Hz 


Effects  of  Frequency  Multiplication 
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Note  that  y  =  —  Sy(f),  and  ay(T)  are  uneffected  by  frequency  multiplication. 
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vniitary  winter  wnsi 

"Cold"  Temp. 


Frequency  vs.  Temperature  Characteristic 
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« liPC  fcx*  AT-cuts,  and  ~  96®  to  105®C  for  SC-cuts. 


Resonator  f  vs.  T  Determining  Factors 
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Frequency-Temperature  vs.  Angle-of-Cut,  AT-cut 

- -  AT-cut  BT-cut  - - 
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Desired  f  vs.  T  for  SC-cut  Resonator 
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OCXO  Oven’s  Effect  on  Stability 


Assuming  Tj  -  T^tp  = 
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A  comparable  table  for  AT  and  other  non-thermal-transient  compen¬ 
sated  cuts  of  oscillators  would  not  be  meaningful  because  the  dynamic 
f  vs.  T  effects  would  generally  dominate  the  static  f  vs.  T  effects. 
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Effect  of  Load  Capacitance  on  f  vs. 
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clarity),  2.  Cl  rotates  the  f  vs.  T  to  lower  apparent  angle  of  cut,  i.e.,  it 
reduces  peak-to-peak  f  and  tuming-point-to-tuming-point  T,  and 
3.  temperature  coefficient  of  Cl  can  greatly  amplify  f  vs.  T  rotation. 


Effects  of  Harmonics  on  f  vs. 
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Warmup  of  AT-  and  SC-cut  Resonators 
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TCXO  Thermal  Hysteresis 


OCXO  Retrace 
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In  (a),  the  oscillator  was  kept  on  continuously  while  the  oven  was  cycled 
off  and  on.  In  (b),  the  oven  was  kept  on  continuously  while  the  oscillator 
was  cycled  off  and  on. 


TCXO  Trim  Effect 


8 


In  TCXO  s,  temperature  sensitive  reactances  are  used  to  compensate  for  f  vs.  T  variations.  A 
variable  reactance  is  also  used  to  compensate  for  TCXO  aging.  The  effect  of  the  adjustment  for 
aging  on  f  vs.  T  stability  is  the  "trim  effect."  Curves  show  f  vs.  T  stability  of  a  "0.5  ppm  TCXO, 
zero  trim  and  at  ±6  ppm  trim.  (Curves  have  been  vertically  displaced  for  clarity.) 


Why  the  Trim  Effect? 


Compensating  Cl  vs.  T 
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Oscillator  Circuit  Caused  Instabilities 
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Frequency  vs.  Drive  Level 
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Crystal  Current  ( p  amps) 


Amplitude  -  Frequency  Effect 


Drive  Level  vs.  Resistance 
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Second  Level  of  Drive  Effect 
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crystal  will  follow  a  path  OADBCBAO:  hence  the  term  ’second  level  of  drive’. 
On  again  increasing  the  drive,  there  is  a  tendency  for  the  magnitude  of  the  effect 
to  decrease,  but  in  a  very  irregular  and  irreproducible  manner.  The  effect  is 
usually  due  to  particulate  contamination,  loose  electrodes,  or  other  surface  defects. 


Acceleration  vs.  Frequency  Change 
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Frequency  shift  is  a  function  of  the  magnitude  and  direction  of  the 
acceleration,  and  is  linear  with  magnitude  up  to  at  least  50  g’s. 


2-g  Tipover  Test 

(Af  vs.  attitude  about  three  axes) 
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Sinusoidal  Vibration  Modulated  Frequency 
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Acceleration  Levels  and  Effects 
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*  Levels  at  the  oscillator  depend  on  how  and  where  the  oscillator  is  mounted. 
Platform  resonances  can  greatly  amplify  the  acceleration  levels. 

Building  vibrations  can  have  significant  effects  on  noise  measurements. 


Acceleration  Sensitivity  Vector 
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Acceleration-sensitivity  is  a  vector,  i.e.,  the  acceleration-induced  frequency  shift  is 
maximum  when  the  acceleration  is  along  the  acceleration-sensitivity  vector,  Af  =  f«A. 
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Vibration-Induced  Sidebands 
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Vibration-Induced  Sidebands 
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Sine  Vibration-Induced  Phase  Noise 
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Random  Vibration-Induced  Phase  Noise 


•  • 


d) 


O) 

Im 


'S? 

I 

o 

yfmm^ 

X 


bb 

d) 


<«  ^ 

Jd 

§  II 

^  £ 

u  § 

s  a 

O  g 

o  £ 

W2  -r 

•  1-H  ^ 


4-66 


Random-Vibration-Induced  Phase  Noise 

_ Phase  noise  under  vibration  is  for  F  =  1  x  10‘^  per  g  and  f  =  10  MHz 
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Acceleration  Sensitivity  vs.  Vibration  Frequency 
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The  acceleration  sensitivity  can  be  calculated  from  the  vibration  induced 
sidebands.  The  preferred  method  is  to  measure  the  sensitivity  at  a  number  of 
vibration  frequencies  in  order  to  reveal  resonances.  The  example  above  shows  the 
results  for  an  OCXO.  The  resonance  at  424  Hz  amplified  the  sensitivity  17-foki. 


Acceleration  Sensitivity  of  Quartz  Resonators 
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mode  shape  and  location  (i.e.,  the  amplitude  of  vibration  distribution),  and  the 
strain  distribution  associated  with  the  mode  of  vibration.  Until  the  acceleration 
sensitivity  problem  is  solved,  acceleration  compensation  and  vibration  isolation 
can  provide  lower  than  1x10"^®  per  g,  for  a  limited  range  of  vibration 
frequencies,  and  at  a  cost. 


Phase  Noise  Degradation  Due  to  Vibration 
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Coherent  Radar  Probability  of  Detection 
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Phase  Noise  (dBc/Hz) 

(at  70  Hz  from  carrier,  for  4  km/h  targets) 


Vibration  Isolation 
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Vibration  Compensation 
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Crystal  Being  Vibrated 


Vibration  Sensitivity  Measurement  System 
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The  frequency  excursion  during  a  shock  is  due  to 
the  resonator’s  stress  sensitivity.  The  magnitude  of 
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shocks  due  to  being  fired  from  a  155  mm 
howitzer  (16,000  g,  12  ms  duration). 


Radiation-Induced  Frequency  Shifts 
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Idealized  frequency  vs.  time  behavior  for  a  quartz  resonator  followii^  a 
pulse  of  ionizing  radiation. 


Effects  of  Repeated  Irradiations 
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Dose,  rad(Si02) 


Radiation  Induced  Af  vs.  Dose  and  Quartz-Type 
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Rads  (Si)  SO 


Annealing  of  Radiation  Induced  f  Changes 
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annealing  curves.  The  experimental  lesults  can  be  reproduced  by  two  processes, 
with  activation  energies  Ej  =  0.3  ±0.1  eV  and  E2  =  1.3  ±  0.3  eV. 

Annealing  was  complete  in  less  than  3  hours  at  >  240®C. 


Transient  Af  After  a  Pulse  of  y  Radiation 
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1 00 (seconds  after  event)  1000 


4-81 


4x10^  rad  pulse.  Resonators  made  of  swept  quartz  show  no  change  in  Rg  from 
the  earliest  measurement  time  (1  ms)  after  exposure,  at  room  temperature.  Large 
increase  in  Rs  (i  e.,  large  decrease  in  the  Q)  will  stop  the  oscillation. 


Frequency  Change  due  to  Neutrons 
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Curve  shows  the  nearly  linear  increase  in  resonant  frequency  of  a  crystal  unit  as 
a  function  of  reactor  irradiation.  At  other  fluences,  the  slopes  are,  for  example, 
8  X  lO'^Vn/cm^  at  lO^®  to  lO^^n/cm^,  and  5  x  lO’^Vn/cm-  at  10^-  to  lO^^n/cm^. 


Neutron  Damage 
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A  fast  neutron  can  displace  about  50  to  100  atoms  before  it  comes 
to  rest.  Most  of  the  damage  is  done  by  the  recoiling  atoms.  Net  result 
is  that  each  neutron  can  cause  numerous  vacancies  and  interstitials. 


Summary  -  Steady-State  Radiation  Results 
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Iteonditioning  (c.g.,  with  doses  >  lO^  rads)  reduces  the  high  dose  radiation  s^itivities  upon 
subsequent  irradiations. 

At  doses  <  100  rad,  f  change  is  not  well  understood.  Radiation  induced  stress  relief  and  surface  effects 
(adsorption,  desorption,  dissociation,  polymerization  and  charging)  may  be  significant. 


Summary  -  Pulse  Irradiation  Results 
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Summary  -  Neutron  Irradiation  Results 
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Interactions  Among  Influences 
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Applications  &  Planning  Meeting,  pp.  465-486, 1990,  AD-A239372. 


Hydrothermal  Growth  of  Quartz 


•  The  nutrient  dissolves  slowly  (30  to 
60  days  per  run),  diffuses  to  the  growth 
zone,  and  deposits  onto  the  seeds. 


Left-Handed 


Quartz  Properties’  Effects  on  Device  Properties 
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Inclusions  I  tions,  optical  characteristics,  etchability 


Ions  in  Quartz  -  Simplified  Model 
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Models  show  the  positions  of  and  alkali  ions  in  the  channels  of  the  quartz 
lattice  and  the  corresponding  trends  of  the  potential  energy  curves. 


Aluminum  Associated  Defects 
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Hole  trapped  in  nonbonding 
oxygen  p  orbital 


Sweeping 
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Typical  Sweeping  Method 
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*  EIA  Standard  477-1  contains  standard  test  method  for  this  quantity 


Infrared  Absorption 
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Quartz  Twinnin 
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looking  toward  the  light  source;  in  left  handed,  it  is  CCW.  Optically  twinned 
(also  called  Brazil  twinned)  quartz  contains  both  left  and  right-handed  quartz. 
Boundaries  between  optical  twins  are  usually  straight. 

Etching  can  reveal  both  kinds  of  twinning. 
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Quartz  Inversion 
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Phase  Diagram  of  Silica  (Si02) 
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2500 


Quartz  for  die  National  Defense  Stockpile.  Report  of  the  G>nimittee  on  Cultured  Quartz  for  the  National  Defense  Stoclqrile, 
National  Materials  Advisory  Board  Commission  on  Engineering  and  Technical  Systems,  National  Research  Council,  NMAB- 
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5-7a  J.  J.  Martin,  "Electrodiffiision  (Sweeping)  of  Ions  in  Quartz,”  IEEE  Transactions  on  Ultrasonics,  Ferroelectrics,  and  Frequency 
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Emerging/Improving  Technologies 
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Lateral  Field  Resonator 
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•  Ability  to  eliminate  undesired  modes,  e.g.,  the  b-mode  in  SC-cuts 

•  Potentially  higher  Q  (less  damping  due  to  electrodes  and  mode  traps) 

•  Potentially  higher  stability  (less  electrode  and  mode  trap  effects,  smaller  Cj) 


Microcomputer  Compensated  Crystal  Oscillator 

(MCXO) 
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rapid  and  easy  compensation  and 

Clock  Rate  Error  vs.  T  lecalibration 


MCXO  -  Description  of  Operation 
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very  low-power  clock  is  possible  through  duty-cycling  the  MCXO  to  periodically  update  a 
low-power,  wristwatch-type  clock  (e.g.,  six  seconds  on,  one  minute  off). 


MCXO  -  Pulse  Deletion  Method 
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Microcomputer  compensated  crystal  oscillator  (MCXO)  block 
diagram  -  pulse  deletion  method. 


MCXO  -  PLL  Frequency  Summing  Method 
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diagram  -  phase-locked-loop  frequency  summing  method. 


Rubidium  -  Crystal  Oscillator(RbXO) 
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few  minutes.  Upon  warmup  of  the  Rb  standard,  the  RbXO  interface 
syntonizes  the  crystal  oscillator  and  cuts  off  power  to  the  Rb  standard. 


RbXO  Principle  of  Operation 
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then  shut  off  the  RFS.  For  manpack  applications,  the  OCXO  will  be  separable  from  the 
rest  of  the  RbXO  so  that  the  manpack  can  operate  with  minimum  size,  weight,  and  power 
consumption,  while  having  nearly  the  . accuracy  of  the  RFS  for  the  duration  of  a  mission. 


Accuracy  vs.  Power-Requirement* 

(Goal  is  to  move  the  technologies  toward  the  upper  left) 
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_ Power  (W) _ 

Accuracy  vs.  size,  and  accuracy  vs.  cost  have  similar  relationships. 
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There  are  two  important  reasons  for  including  this  section:  1,  atomic  frequency  standards  are  one  of  the  most 
important  applications  of  precision  quartz  oscillators,  and  2.  those  who  study  or  use  crystal  oscillators  ought  to  be 

aware  of  what  is  available  in  case  they  need  an  oscillator  with  better  long-term  stability  than  what  crystal 
oscillators  can  provide. 


Precision  Frequency  Standards 
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Atomic  Frequency  Standard  Basic  Concepts 

When  an  atomic  system  changes  energy  from  an  excited  state  to  a  lower  energy 
state,  a  photon  is  emitted.  The  photon  frequency  v  is  given  by  Planck’s  law 
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producing  and  observing  the  atomic  transitions  contribute  to  instabilities. 


Hydrogen-Like  Atoms 
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and  X  =  [(-|iJ/J)  +  (|iI/I)]Ho/AW  calibrate 
in  units  of  2.44  x  10^  Oe. 


Atomic  Frequency  Standard 
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conveniently  locked  to  the  VCXO.  The  long  term  stability  is  determined  by  the 
atomic  resonator,  the  short  term  stability,  by  the  crystal  oscillator. 


Generalized  Atomic  Resonator 
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Atomic  Resonator  Concepts 
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the  Doppler  effect  (k»v);  velocity  distribution  results  in  "Doppler  broadening";  the  second-order 
Doppler  shift  (1/2  v^c^)  is  due  to  relativistic  time  dilation. 


Cesium-Beam  Frequency  Standard 

Cs  atomic  resonator  -.lu. 


Cesium-Beam  Frequency  Standard 

#  The  atomic  resonance  used  is  at  9,192,631,770  Hz  -  by  definition  (of  the  second). 

#  Oven  is  at  ~100®C,  Cs  pressure  in  the  oven  ^  torr,  cavity  is  at  ~  10*^  torr;  typical  atom 
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the  microwave  frequency,  i.e.,  the  frequency  of  the  crystal  oscillator.  Much  less  than  1%  of  the 
Cs  atoms  reach  the  detector  in  conventional  Cs  standards  (hence  optical  pumping’s  advantage.) 


Cs  Hyperfine  Energy  Levels 
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Magnetic  field  dependence  of  the  hyperfine  energy  levels  in  the  ground  state  of  the  cesium  atom 
(nine  in  the  upper  state,  seven  in  the  lower).  The  magnetic  field  is  plotted  up  to  the  value  Hq.  The  solid 
arrow  represents  the  "clock"  transition;  the  dashed  arrows  depict  the  magnetic-field-sensitive  (Zeeman) 
transitions.  F  is  the  hyperfine  quantum  number,  and  mp  is  the  magnetic  quantum  number  of  the  atom. 
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detection  dip,  thus  the  atomic  transition  frequency  controls  the  microwave  frequency, 
i.e.,  the  frequency  of  the  crystal  oscillator. 


Atomic  Resonator  Instabilities 
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Environmental  effects  -  magnetic  field  changes,  temperature  changes,  vibration, 
shock,  radiation,  atmospheric  pressure  changes,  and  He  permeation  into  Rb  bulbs. 
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Short-Term  Stability  of  a  Cs  Standard 
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Short-Term  Stability  of  a  Rb  Standard 
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T(seconds) 


Acceleration  Sensitivity  of  Atomic  Standards 
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For  small  fyib.  (at  Bessel  function  null),  loss  of  lock, 


Atomic  Standard  Acceleration  Effects 
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Magnetic  Field  Sensitivities  of  Atomic  Clocks 
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Crystal’s  Influences  on  Atomic  Standard 
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Miniature  Optically  Pumped  Cs  Standard 
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the  possibility  of  trading  off  size  for  accuracy.  The  main  goals  of  the 
miniature  Cs  standard  development  program  are  1  x  10"^  *  accuracy,  £uid  a 
1  liter  volume,  i.e.,  about  lOOx  higher  accuracy  than  a  Rb  standard,  in 
about  the  same  volume  (but  not  necessarily  the  same  shape  factor). 
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Atomic  Qocks,  and  a  Look  Toward  the  Future,"  National  Aeronautics  and  Space  Administration,  Workshop  on  Relativisdc 
Gravitation  Experiments  in  Space,  Annapolis,  MD,  June  28-30,  1988,  Smithsonian  Astrophysical  Observatory,  Center  for 
Astrophysics,  Cambridge,  MA  02138,  Preprint  Series  No.  2738. 
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Oscillator  Comparison 

Quartz  Oscillators  |  Atomic  Oscillators 
TCXO  I  MCXO  I  OCXO  Rubidium!  RbXO  I  Cesium 


ViVWI 

I 

twV^VwV 

1 4r4r4r4^4r4^ 

1 4r^4r4r4r^ 

Kwlv 

I  >  ♦^4)  ♦  •  ♦  4 


X  00 

CS  I 


X  »0 

»n 


X  «n 
cn 


00 

1 

»o 

00 

o 

+ 

o 

X 

<o 

CS 

*n 

1 

r* 

1 

<o 

00 

o 

+ 

2 

X 

«n 

tn 

»n 

1 

« 

V  e3 

C8  u 
tZ  ^ 

|i 

< 


.A  ^ 

5  u 

05 


.'S  II 
S 


1 

o 

o 

cs  ►< 
cs 
o 

Sax' 

o 

cn 

40,000 

1200 

x-s. 

o 

t 

o 

X 

«n 

o 

4-* 

«o 

CO 

• 

o 

o 

o 

o 

00 

y«*-V 

o 

1 

o 
cn  ^ 

m 

2 

Si^ 

o 

cs 

O 

8 

00 

20-200 

00^ 

6 

tpa^ 

X 

2 

Tj- 

»n 

cs 

d 

o 

8 

•>> 

CS 

o 

u-j 

OO 

1 

O 

F-i  ^ 

d 

^  cs 
o 

3 

• 

O 

o 

8 

»> 

o 

X— s 

VO 

1 

o 

o:: 

o 

_ 

»o 

O 

• 

o 

o 

o 

N  'g 

c«  1 

Warmup  Time 

(min) 

Power  (W) 

(at  lowest  temp.) 

1 

'W 

9> 

£ 

8-1 


Including  environmental  effects  (note  that  the  temperature  ranges  for  Rb  and  Cs  are  narrower  than  for  quartz). 


stability  Ranges  of  Various  Frequency  Standards 
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Log  (t),  seconds 


Phase  Instabilities  of  Various  Frequency  Standards 


Weaknesses  and  Wearout  Mechanisms 
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Oscillator  Selection  Considerations 
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Crystal  Oscillator  Specification  MIL-O-55310 
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A  Ustmg  of  "Specifioatioiis  and  Standards  Relevant  to  Frequency  Control,"  q>pears  in  the  back  pages  of  die  latest  Proceedings  el 
the  IEEE  Frequency  Control  Syn^sium  -  see  listing  on  p.  1 1-2. 


What  Is  Time? 
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Dictionary  Definition  of  "  Time” 

(From  The  Random  House  Dictionary  of  the  English  Language,  ©  1987) 
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The  Second 
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Frequency  and  Time 
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Examples  or  irequency  sources:  the  rotating  earth,  pendulum, 
quartz  crystal  oscillator,  and  atomic  frequency  standard. 


Typical  Clock  System 
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wnere  i  is  me  time  output,  to  is  the  initial  setting,  an 
Ax  is  the  time  interval  being  counted. 


Evolution  of  Clock  Technologies 
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Atomic  and  molecular 


Clock  Errors 
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(A  =  -0.1  s/week2),  then  after  10  weeks  (and  assuming  Ei(t)  =  0): 

T  (10  weeks)  =  0.5  +  (2  x  10)  +  1/2  (-0.1  x  (10)2)  =  15.5  seconds. 


Xouanbaijj  jfousnbaij 
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Clock  Error  vs.  Resynchronization  Interval 


Accumulated  Time  Error 


Time  Error  vs.  Elapsed  Time 


To  Estimate  the  Accumulated  Time  Error 

(D  Estimate  the  initial  frequency  offset  plus  the  average  expected 
offsets  due  to  temperature  and  other  environmental  effects. 

(D  Find  the  time  error  caused  by  the  sum  of  the  offsets. 

(D  Find  the  time  error  caused  by  the  oscillator’s  specified  aging  rate. 
@  Add  the  results  of  (D  and  <D  to  estimate  the  total  time  error. 


9-11 


On  Using  Time  for  Clock  Rate  Calibration 
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Calibration  With  a  1  pps  Reference. 
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Time  Transfer  Methods 


9-14 


Projected  to  be  <  $1K  by  1994 


The  Global  Positioning  System 
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satellites  to  track.  PPS  (for  DOD  users)  uses  LI  and  L2,  SPS  uses  LI  only. 
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Time  Scales 


9-18 


9-19 


o  g 

I’sl 

^  s  s 

Ill 

^  3 
^  Zs  ^ 

®  G  sa 

8c-  *5 

<§§  2 

4>  ^ 

■S<  « 

T3 'd  ■*-• 
O  ^  5h 

s|  s 

^  ^  jC 

g  d  ^ 

CO  c«  np 

52  ®  S 

ISg  ^ 

a 

=  II  " 

"  fli 

^  -a 
.52 

•»H  fj 

W)  >>  O 

G  VH  7^ 

•  rt  o  ^ 

Th  -ti  0) 

G  S  'S 

CO  cr 
G  d  t2 

s  a>  o 

S -S  ^ 


S 

c§ 

^  o  S 

D  Ctf  -tt 
fi  ««- 

1- SS 

•s  g2 

S:i 

o2  « 

o  ed  60 
ed  ^  G 

“S 

B  9  G 

2- S'a 

«  h  ** 
^  ia  -G 

^  sa  «5 

<i>  s  8 
|S  s 

S’G  C 
S  Q  O 
^  ^  ‘G 
S  td 

&cn 

S 

d  o  ia 

73  t-H  r-^ 
2^0 

2  On  43 
>-  O  > 

<r^*ia 


73  ^ 

3  c 

43  ®  S 

*2  ^  ^ 
^  m  ^ 

73  '  O 

§ii 

«*  -O  O 

■g 

§  ^  £ 

^  ts  a. 


25  ,G 
«  <D  3 

^  ^ 
ll’S 

2  ^  P 

73  "  W) 

G  43  Cd 

I  s  ^ 

S  TJ  P 

ill 

111.^ 
o  d  4D  43 

43  * ''  ""G 

S  ^  s  s 

’d  ®  *S 
o  S«2  8 

•H  S  „  § 

I  1^1 

'I'S  '2  S 

^  60  3  S 
2  ^  *c 

ON  G  G  o 
^  G  S«  Q^ 

5  -a  ^  u 


t  ^ 

w  S' 

43 

CO  ^ 

cs  3. 


'  < 

S.  «> 

M  •*-! 

11  s 

■5  a 

•ti  3 

n  G 

*tr  .1-4 

O  ^ 
e  ’G 
6  O 

12  -n 

:g  S. 


^  60 
^  P 

S  G  S 
P.’S  ^ 

G  43  d 
^  C3  ^ 

^  S.  CO 
W  Oh 
d  O 

2  fe 

So,® 

8  Gh 

O.0  o 

CO 


9-20 


In  precise  time  and  frequency  comparisons,  relativistic  effects  must  be 
included  in  the  comparison  procedures. 
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The  "Sagnac  effect,"  (2(i)/c^)A^  =  (1.6227  x  10-2>s/m2)AE,  accounts  for  the 
earth-fixed  coordinate  system  being  a  rotating,  noninertial  reference  frame. 
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74  Hz  from  the  carrier  is  necessary  in  order  to  "see"  the  vehicle. 


One  Pulse-Per-Second  Timing  Signal 

(MIL-STD-188-115) 
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going  transition)  edge  of  the  one  pulse-per-second  signal  to  within 
±1  millisecond."  See  next  page  for  the  MIL-STD  BCD  code. 


^  May  be  rollowed  by  Iz  bits  tor  day-or-year  and/or  4  bits  tor 
figure-of-merit  (FOM).  The  FOM  ranges  from  better  than  1  ns  (BCD 
character  1)  to  greater  than  10  ms  (BCD  character  9). 


Time  and  Frequency  Subsystem 


pps 


The  MIFTTI  Subsystem 

MIFTTI  =  Modular  Intelligent  Frequency,  Time  and  Time  Interval 
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*  The  microcomputer  compensates  for  systematic  effects  (after  filtering  random 
effects),  and  performs:  automatic  synchronization  and  calibration  when  an  external 
reference  is  available,  and  built-in-testing.  —  .  .  . 


G.  M.  R.  Winkler,  'Tunckeeping  and  Its  Applications,"  Advances  in  Electronics  and  Electron  Physics.  Vol.  44,  pp.  34-97, 1977. 


9«16a  A.  J.  Van  Dierendonck  and  M.  Bimbaum,  "Time  Requirements  in  the  NAVSTAR  Global  Positioning  System  (GPS),' 
30th  Annual  Symposium  on  Frequency  Control,  pp.  375-383,  1976,  AD046089.  Proc.  available  from  NTIS. 


F.  E.  Butterfield,  "Frequency  Control  and  Time  InfOTmation  in  the  NAVSTAR/Global  Posidoning  System,”  Proc.  30lh  Aimual 
Synqtosiiun  <m  Frequency  Control,  pp.  371-374, 1976,  AD046089.  Proc.  availalde  firom  NTIS. 

9-17  D.  L.  Hessick  and  W.  C.  Euler,  "GPS  User  Receivers  and  Oscillators,"  Proc.  38th  Annual  Symposium  on  Frequency  Control, 
pp.  341-362, 1984,  IEEE  Catalog  No.  84CH2062-8. 


Discrete-Resonator  Crystal  Filter 

A  Typical  Six-pole  Narrow-band  Filter 
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Monolithic  Crystal  Filter 
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Frequency 


Surface  Acoustic  Wave  (SAW)  Devices 
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BAW  and  One-port  SAW  Two-port  SAW 


SAW  Devices 
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In  one-port  SAWRs  and  B AWRs,  the  static  capacitance,  C^,  provides  a 
low-impedance  path  tlat  can  mask  out  the  desired  resonance  at  high  f ’s.  An 
external  inductor  is  us’^ally  placed  in  parallel  with  Cq  to  "resonate  out"  Cq.  In 
two-port  SAWRs  does  not  shunt  the  motional  arm  of  the  equivalent  circuit, 
therefore,  two-port  SAWRs  are  preferred  in  many  applications. 


Quartz  Bulk- Wave  Resonator  Sensors 
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•  Frequency  counting  is  inherently  digital. 


Tuning  Fork  Resonator  Sensors 
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Photolithographically  produced  tuning  forks,  single-  and  double-ended  (flexural-mode  or 
torsional-mode),  can  provide  low-cost,  high-resolution  sensors  for  measuring  temperature, 
pressure,  force,  and  acceleration.  Shown  are  flexural-mode  tuning  forks. 


10-7 


IfiiE  nrtqnencjr  Control  Sjnnpoiittm* 
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AP-298322 

NTIS 
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AD-298323 
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*NTIS  •  National  Tedmica]  InibnnaUtxi  Service  *IEEE-Iiut.  of  Electrical  A  Electronics 

328S  Port  Royal  Road,  Sills  Building  Engineers 

SprtatgTidd,  VA  22161,  U.  S.  A.  443  Hoes  Lane 

Tel:  703-487-4630  Piscataway,  NJ  08834,  U.S.A. 

Tel:  800^8-4333  or  908-981-0060 

*  Prior  to  1992,  the  name  of  the  Symposium  was  the  "Annual  Symposium  on  Frequency 
Coittior. 
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Phase  Noise,  1-7, 1-17, 4-14  to  4-36, 4-60  to  4-67, 4-70, 4-71 

Piezoelectricity,  3-1  to  3-3, 3-10  to  3-12 

Power  Requirements,  8-1, 8-2 

Power  Supply,  2-9, 4-3, 4-87 

Precision,  4-2 

Proceedings,  ASFC,  11-2 

Propagation  Delay,  9-22 

Q.  3-19  to  3-22, 4-16, 4-33, 4-84, 4-85, 5-3, 5-11, 7-1, 7-6, 7-12, 7-13 

Quartz  (material),  3-1, 3-13, 5-1  to  5-16 

Quartz  Cuts,  3-14, 4-40 

Quartz  Inversion,  5-15, 5-16 

Quartz  Lattice,  5-3, 5-5, 5-14 

Quartz  Phases,  5-16 

(Juartz  Twinning,  5-12  to  5-14 

Radar,  1-17  to  1-19, 4-15, 4-70, 4-71, 9-22 

Radiation  Effects,  4-4, 4-76  to  4-86, 4-88, 5-3, 6-13, 8-5 

Radio,  two-way,  1-5 

RbXO,  2-5, 2-8, 6-1, 6-9  to  6-1 1,  8-1, 8-2 
Relativistic  Time,  9-19  to  9-21 
Resonator  Packaging,  3-5, 3-6, 4-87 
Resonator  Theory,  3-10  to  3-12 
Resonators,  3-2  to  3-24 
Restart,  4-47 
Retrace,  4-46, 4-47 

Rubidium  Frequency  Standard,  2-8, 6-1, 6-9  to  6-11, 7-1, 7-3, 7-5, 7-10, 7-11, 7-13, 
7-15,  8-1  to  8-5 

SAW,  4-33  to  4-35, 10-3, 10-4 
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SC-Cut,  3-14, 4-12, 4-41  to  4-43, 4-45, 4-51, 4-52, 4-69, 4-73, 4-80, 4-85, 6-1  to  6-3, 
6-4  to  6-8, 6-13 

Sensors,  10-5, 10-6 

Shock,  4-3, 4-4, 4-75, 6-13 

Short-Term  Instability  Causes,  4-16, 7-13 

Short-Term  Stability,  4-3  to  4-5, 4-14  to  4-36, 7-12  to  7-19, 8-1  to  8-4 

Short-Teim  Stability  Measures,  4-18  to  4-20, 4-24 

Shot  Noise,  4-16, 7-13 

Signal-to-noise  ratio,  4-33, 7-13 

Silica,  5-16 

Space  Exploration,  1-9 

Specifications,  8-7 

Spectral  Densities,  4-24, 4-25, 4-28  to  4-36 
Spread  Spectrum,  1-11  to  1-16 
Stability,  2-3, 2-4, 4-2  to  4-87, 8-3, 8-4 
Strains,  4-9  to  4-13 
Sweeping,  5-7, 5-8 

TCXO,  2-5  to  2-8,  3-16,  3-17, 4-46, 4-48, 4-49,  8-1,  8-2, 9-10 

Telecommunication,  1-6 

Theimal  Expansion  of  Quartz,  4-8 

Thermal  Hysteresis,  4-46, 6-13 

Thermal  Transient  Effect,  4-42, 4-45, 4-85, 4-88 

Time  &  Frequency  Subsystem,  9-25, 9-26 

Time,  9-1  to  9-28 

Time  Code,  9-23, 9-24 

Time  Constant,  3-19  to  3-22 

Time  Domain  -  Frequency  Domain,  4-17 

Time  Errors,  9-8  to  9-1 1 

Time  Scales,  9-18 
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Time  Transfer,  9-12  to  9-16, 9-20, 9-21 

Timing  Signal,  9-23, 9-24 

Trim  Effect,  4-48, 4-49 

TunabUity,  2-4, 3-16 

Twinning,  5-12  to  5-14 

Two-way  Radio,  1-5 

Universal  Time,  9-18 

UTC,9-18 

Utility  Fault  Location,  1-8 

VCXO,  2-5, 3-16 

Vibration,  4-4, 4-16, 4-58  to  4-74 

Vilvation-Induced  Sidebands,  4-63  to  4-66, 4-74, 4-88 

Vibration  Gimpensation,  4-73, 4-74 

Vibration  Isolation,  4-72 

Very  Long  Baseline  Interferometry  (VLBI),  1-9 

Warmup,  4-45, 8-1 

Wearout  Mechanisms,  8-S 

Wristwatch,  4-37 

Zero  Temperature  Coefficient  Cuts,  3-12  to  3-14 
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